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SINGLE-WALLED METAL OXIDE AND 
METAL SULPHIDE NANOTUBES/POLYMER 
COMPOSITES 
PRIORITY CLAIM 
This application claims priority to 61/547,553, filed Oct. 
14, 2011 and incorporated by reference herein in its entirety. 
2 
These SWNTs are hypothesized to be amenable to the fabri-
cation and application of high-loading nanotube composites 
with near-ideal dispersion of nanotubes. Furthermore, previ-
ous studies have suggested that aluminosilicate SWNTs pos-
sess extraordinarily high interior hydrophilicity due to their 
high inner surface silanol densities, and membranes incorpo-
rating them have been predicted to exhibit excellent water 
transport properties and good water/alcohol selectivity.6 - 8 
The transport properties of these materials can also be con-
FIELD OF THE INVENTION 
The invention relates to a nanocomposite membrane hav-
ing high water/ethanol selectivity, and particularly to a nano-
composite membrane having single-walled nanotubes 
(SWNTs)/polymer that exhibits good water/ethanol selectiv-
ity. 
10 trolled by internal surface modification and tuning of the 
nanotube diameter. Additionally, aluminogermanate nano-
tubes, a nanomaterial that is structurally analogous to the 
aluminosilicate nanotube but shorter in length and larger in 
external diameter, has been surface-modified by octade-
BACKGROUND OF THE INVENTION 
15 cylphosphonic acid. 12 The surface-modified aluminoger-
manate nanotube exhibited increase dispersibility in hydro-
phobic solvents, suggesting potential applications in 
membranes. Therefore, SWNT/polymer composite mem-
branes are interesting candidates for applications in water/ 
The synthesis, properties, and applications of nanotube 
materials have been extensively studied for more than two 
decades. Nanotubes are of single-layered or multiple-layered 
structure wrapped into a cylindrical shape. Nanotubes, espe-
cially carbon nanotubes, generally have a diameter of 1 
nanometer, but may extend to several micrometers in length. 
Carbon nanotubes have been found to possess good mechani-
cal, electrical, thermal, and mass transport properties and can 
20 organics separations (e.g., water/ethanol separation as 
encountered in biofuel production). 
Most of current studies focus on the composite materials 
comprising carbon nanotubes and polymers. For example, 
US20100160553 discloses a method for dispersing carbon 
be incorporated into other solid phase materials as nano scale 
fillers. 
25 nanotubes in a SWNT/polymer composite, especially by 
fragmentation of carbonnanotubes by first embedding carbon 
nanotubes within a catalyst for polymerization, and then per-
forming the polymerization reaction that is known to fracture 
the catalyst to 0.1 micrometer range. However, such method 
30 still has the disadvantage in that only a limited percentage of 
well-dispersed nanotubes can be included in the composite 
material (E.g., [0073]: "The SWNT-polymercompositemore 
preferably may comprise up to 0.1%-3% SWNTs"), and 
therefore limits the physical characteristics of the composite 
The mechanical, electrical or heat/mass transport proper-
ties of such nanocomposites exhibit a strong dependence on 
the filler volume fraction. Previous studies have also sug-
gested that uniformity of the nanotube dispersion in the 
matrix material plays a critical role in the performance 
enhancement. For example, carbon nanotube/polymer com-
posite membranes with non-ideal nanotube dispersion (i.e. 
aggregation ofnanotubes in the matrix due to the incompat-
ibility between the outer surface of the carbon nanotubes and 
the matrix materials) were found to yield low molecular 
selectivity, where the aggregation may result in nanotube 40 
lumps of 100 micrometers in diameter or larger. 
35 material. 
Furthermore, the nanotube dispersion and defect areas in 
carbon nanotube-based composite membranes are not yet 
fully characterized. As a result, the relative contributions to 
mass transport from the dispersed nanotubes (pore size <l 0 45 
nm) and the defect regions (of size -1 µm) are unclear. 
To address the problem of increasing the nanotube loading 
in nanocomposites while maintaining good dispersion, a 
range of techniques for outer surface modification of carbon 
nanotubes have been developed, such as the use of surfactants 50 
or in situ polymerization to enhance the nanotube compat-
ibility with the polymeric matrix. Nevertheless, the highest 
volume fraction reported to date of carbon nanotubes dis-
persed in a polymeric material without significant nanotube 
aggregation is only about 20%. This limitation hinders the 55 
performance enhancement that the nanotubes can potentially 
create in a composite material or membrane. 
The limits on carbon nanotube loading in composite mate-
rials are likely related to the difficulty of dispersing the nano-
tubes individually in a liquid prior to preparing the solid- 60 
phase composite. However, individual dispersion of 
nanotubes in polar liquids can be achieved in the case of metal 
oxide nanotubes that are synthesized hydrothermally or sol-
vothermally and have polar surfaces. Single walled alumino-
silicate nanotubes (SWNTs, FIG. 1), which are synthetic 65 
analogues of the nanotubular mineral imogolite, can be syn-
thesized hydrothermally with a high degree of dispersion. l-4 
Therefore, there is the need in the art for a method for 
preparing a well dispersed metal oxide single-wall nanotube 
SWNT/polymer composite material that has high volume 
fraction of the SWNT and has enhanced water permeability 
and/or water/alcohol selectivity. 
SUMMARY OF THE INVENTION 
In the present invention, we disclose the preparation, char-
acterization, and permeation properties of polymer/SWNT 
composite membranes with high loading and near-ideal dis-
persion of nanotubes. Specifically, the loading of well-dis-
persed SWNTs in poly( vinyl alcohol) (PVA) membranes was 
systematically increased at least 30% or 35%, and even 38% 
by volume. 
The importance of initial dispersion of the SWNTs in a 
liquid medium was highlighted by comparison of membranes 
fabricated using SWNT gels and SWNT powders as starting 
materials. The microstructure of the composite membranes 
was assessed qualitatively and quantitatively by scanning 
electron microscopy (SEM), energy dispersive spectroscopy 
(EDS), 2D X-ray diffraction (XRD) with respect to 28 and cp, 
small-angle X-ray scattering (SAXS) and solid-state NMR. 
Subsequently, the permeation properties of the PVA/ 
SWNT composite membranes were studied by water/ethanol 
pervaporation measurements, and the results analyzed in 
terms of recently developed models for transport in polymer/ 
nanotube composite membranes as well as with predictions 
from molecular simulation studies. 
Various embodiments of the invention are now described in 
more detail. In one embodiment, a method of making a well 
dispersed metal oxide or metal sulphide single-walled nano-
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tube (SWNT)/polymer composite material is provided, com-
prising: preparing a gel-phase metal oxide or metal sulphide 
SWNT; mixing said gel-phase metal oxide or metal sulphide 
SWNT with a polymer; and obtaining a SWNT/polymer 
composite with at least as 30%, 35% or 38% volume fraction 
of the metal oxide or metal suphide SWNT. 
In another embodiment, is a method of making a well 
dispersed aluminosilicate single-walled nanotube (SWNT)/ 
poly(vinyl alcohol) (PVA) composite material, comprising: 
preparing a gel-phase aluminosilicate SWNT; mixing said 10 
gel-phase aluminosilicate SWNT with an aqueous solution of 
PVA; and obtaining an aluminosilicate SWNT/PVA compos-
ite, wherein the aluminosilicate SWNT/PVA composite has 
4 
of carbon. The differences of metal oxide/metal sulphide 
SWNTs and carbon SWNTs lie not only in the material, but 
also the electrical, physical and chemical characteristics. For 
example, metal oxide SWNTs can show polarity while car-
bon SWNTs cannot, resulting in metal oxide SWNTs having 
better dispersion in aqueous solution than carbon SWNTs. 
As used herein, the term "well-dispersed" refers to the 
effect that the SWNTs as existed in the SWNT/polymercom-
posite do not aggregate in bulk, and more specifically refers to 
SWNTs that exist in the SWNT/polymer composite as a 
single nanotube or as a small bundles of s3-4 nanotubes per 
bundle. 
As used herein, the term "high volume fraction" refers to as much as 38% volume fraction of said aluminosilicate 
SWNT. 15 the volume fraction of the SWNTs in the SWNT/polymer 
composite material being higher than 30%. In one embodi-
ment, high volume fraction refers to a volume fraction higher 
than 35%. In another embodiment, high volume fraction can 
be as high as 38%. 
The gel synthesis method can be any known in the art or 
developed, but in preferred embodiments includes mixing a 
stoichiometric amount of an aluminum source oxide source 
and silicon source; adding an aqueous acid t~ mixture, fol~ 
lowed by stirring; stirring at an elevated temperature; adding 20 
a base to cooled mixture until gelation of suspended nano-
tubes occurs; and, optionally, isolating the gel and re-dispers-
ing said suspended nanotubes by adding a small amount of 
concentrated hydrochloric acid to the gel and/or further puri-
fying the gel. 
In another variation, the gel synthesis method includes 
mixing a stoichiometric amount of tetraethyl orthosilicate 
with aluminum-tri-sec-butoxide; adding an aqueous perchlo-
25 
ric acid solution to the mixture of step a-1) with a molar ratio 
Si:Al:HC104 of about 1.1:2:1, followed by stirring; diluting 30 
the solution with deionized water by a factor of 3.5-4 and 
~tirring the diluted solution at an elevated temperature; add-
mg a 30 wt % ammonia solution until gelation of suspended 
nanotubes occurs; and isolating the gel and re-dispersing said 
suspended nanotubes by adding a small amount of concen- 35 
trated hydrochloric acid to the gel; and, optionally, purifying 
the gel. 
Other embodiments include the SWNT/polymer compos-
ites produced by the methods herein. In particular, the inven-
tion provides a metal oxide SWNT /polymer composite mate- 40 
rial having ;;,;30-38% volume fraction ofSWNT, wherein the 
SWNT is well dispersed throughout the polymer. Further, one 
can crosslink the SWNT and the polymer. wherein the metal 
oxide SWNT comprises aluminosilicate. Preferably, the 
polymer is poly(vinyl alcohol), the metal oxide SWNT is 45 
aluminosilicate SWNT. Also, the SWNT/polymer composite 
material is preferably s0.5 micron thick and is further sup-
ported with a second porous polymer layer. 
The polymer is selected from the group consisting of crys-
talline polymers, semicrystalline polymers, glassy polymers, 50 
rubbery polymers, poly(vinyl alcohol), cellulose acetate, 
polyimides, polysulfones, polyalkylsiloxanes, polyimide, 
poly( methyl methacrylate ), poly(3-octylthiophene ), poly-p-
phenylene(vinylene ), polyacrylonitrile, polybutadiene, poly-
styrene, polypropylene, polypyrrole, poly(p-phenylene ben- 55 
zobisoxazole ), epoxy, and combinations thereto, but in one 
preferred embodiment is poly(vinyl alcohol). 
Other embodiments include membranes made using the 
methods and SWNT/composites of the invention, and meth-
ods of using same. One embodiment is a membrane compris- 60 
ing a metal oxide SWNT /polymer composite material having 
as much as 38% volume fraction of SWNT that is well dis-
persed in the polymer, wherein the membrane has a water/ 
ethanol selectivity of at least 35 at 60° C. 
As used herein, the term "metal oxide" or "metal sulphide" 65 
SWNTs refers to a metal oxide or metal sulphide known to be 
capable of forming nanotubes, as opposed to nanotubes made 
As used herein, the term "single-wallednanotube" refers to 
nanotubes having a single atom or molecular layer in a seam-
less cylinder structure. The term is used as opposed to double-
walled or multi-walled nanotubes, in which more than one 
layer is used in forming the nanotubes. 
As used herein, the term "gel-phased SWNT" refers to 
S WNT prepared in a gel phase as opposed to S WNT prepared 
as powder or other non-gel form. 
As used herein, the term "water/ethanol selectivity" of a 
membrane is defined as the ratio of water permeability to 
ethanol permeability. 
As used herein, % is volume% unless indicated otherwise. 
The use of the word "a" or "an" when used in conjunction 
with the term "comprising" in the claims or the specification 
means one or more than one, unless the context dictates 
otherwise. 
The term "about" means the stated value plus or minus the 
margin of error of measurement or plus or minus 10% if no 
method of measurement is indicated. 
The use of the term "or" in the claims is used to mean 
"and/or" unless explicitly indicated to refer to alternatives 
only or ifthe alternatives are mutually exclusive. 
The terms "comprise," "have," "include," and "contain" 
(and their variants) are open-ended linking verbs and allow 
the addition of other elements when used in a claim. The 
phrase "consisting of' is closed, and excludes additional ele-
ments. The phrase "consisting essentially of' excludes addi-
tional material elements, but allows the inclusions of non-
material elements that do not substantially change the nature 
of the invention. 
The following abbreviations are used herein: 
EDS 
CP 
GCMC 
GC 
HC 
KIN 
MD 
NT 
PVA 
SAXS 
SEM 
SWNT 
TEOS 
XRD 
KIN 
kDa 
OPA 
Energy dispersive spectroscopy 
Cross-polarization 
Grand Canonical Monte Carlo 
Gas chromatograph 
Hamilton-Crosser model 
Kang-Jones-Nair 
Molecular dynamics 
nano tube 
Poly(vinyl alcohol) 
Small-angle X-ray scattering 
Scanning electron microscopy 
Single-walled nanotube 
Tetraethyl orthosilicate 
2D X-ray diffraction 
Kang-Jones-Nair model 
Kilo-Daltons 
Octadecylphosphonic acid 
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In one aspect of the present invention, a method of making 
a well dispersed metal oxide or metal sulphide single-walled 
nanotubes (SWNTs )/polymer composite material that has as 
much as 38% volume fraction of SWNTs is provided. The 
method comprises the steps of: (a) preparing a gel-phased 5 
SWNT, (b) mixing the gel-phase SWNT with a polymer 
matrix, and (c) obtaining the SWNT/polymer composite. 
In this method, the metal oxide SWNT can be any metal 
oxide that is capable of forming SWNTs, and in one embodi-
ment, the metal oxide SWNT is aluminosilicate SWNT. 10 
Other embodiments include iron, tungsten, boron, silicon, 
titanium, molybdenum, copper, and bismuth oxide nano-
tubes. Metal sulphide nanotubes are also contemplated. 
In this method, the polymer is not limited, so long as it 
shows excellent water permeability and/or water/alcohol 15 
selectivity. Thus, the polymers include, but are not limited to, 
crystalline/semicrystalline, glassy, or rubbery polymers, for 
example poly(vinyl alcohol), cellulose acetate, polyimides, 
polysulfones, polyalkylsiloxanes, poly(methyl methacry-
late ), poly(3-octylthiophene ), poly-p-phenylene(vinylene ), 20 
polyacrylonitrile, polybutadiene, polystyrene, polypropy-
lene, polypyrrole, poly(p-phenylene benzobisoxazole ), 
epoxy, and variations and combinations thereof. 
Another aspect of the present invention provides a metal 
oxide SWNT /polymer composite material that has as much as 25 
38% volume fraction of SWNT that is well-dispersed in the 
polymer. 
In yet another aspect of the present invention, it is provided 
a membrane comprising a metal oxide SWNT/polymer com-
posite material having as much as 38% volume fraction of 30 
SWNT that is well dispersed in the polymer, wherein the 
membrane has a water/alcohol selectivity of at least 35 at 
60° C. 
BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1. Structure of the aluminosilicate single-walled 
nanotube. 
35 
FIG. 2. Photographs of(a) aqueous solutions of pure PVA, 
SWNT powder and SWNT gel from left to right; (b) a pure 40 
PVA membrane, a powder-derived SWNT/PVA membrane 
having around 40 vol% ofSWNT, and a gel-derived SWNT/ 
PVA membrane having around 40 vol% ofSWNT, from left 
to right. 
FIG. 3. SEM images (left) and line profiles of silicon/ 45 
carbon intensity from EDS patterns (right) for SWNT/PVA 
membranes prepared by SWNT powders or gels: (a) pwd-4, 
6 
FIG. 7. The water (solid squares) and ethanol (solid circles) 
permeability, and the water/ethanol selectivity (open tri-
angles), of PVA/SWNT membranes prepared from SWNT 
powder (black solid lines) and SWNT gel (gray dashed lines) 
with different SWNT volume fractions. 
FIG. 8. Predicted water and ethanol permeabilities, and 
water/ethanol selectivity, of the SWNT at different pressures 
as obtained from grand canonical Monte Carlo and molecular 
dynamics simulations. 
FIG. 9. Comparison of water permeability and water/etha-
nol selectivity obtained from pervaporation (a combination of 
membrane permeation and evaporation) experiments (solid 
squares), predictions of the KIN model (open circles), and 
predictions of the HC model (open triangles), for PVA/ 
SWNT membranes prepared from SWNT gels. 
FIG. 10. XRD patterns highlighting the crystalline phase in 
the PVA matrix, for the pure PVA and the PVA/SWNT com-
posite membranes. The black dots are raw experimental data. 
Each pattern is fitted by two Gaussian distributions, repre-
senting the crystalline phase (lowest curve) and the amor-
phous phase (middle curve) respectively. The top curves rep-
resent the summation of contributions from both the 
crystalline and the amorphous phases. 
FIG.11. (a) a large spectral region of the 1H spectra forthe 
pure PVA (black) and the gel-4 (gray) samples. The 
asterisks (*) denote to the spinning side bands. (b) a narrower 
spectral region of the 1 H spectra forthe pure PVA (black) and 
the gel-4 (gray) sample. 
FIG. 12. The normalized peak intensity of two different 
carbons (CH 0 H and CH2 ) in PVA versus the contact time for 
both the pure PVA and the samples made from gel-4. The 
black dots are the raw data and the gray curves are the fitted 
results. 
FIG.13. Representative 13C CP/MAS NMR spectra forthe 
pure PVA membrane (tape) and the gel-1 membrane (bottom) 
with 2 ms of contact time. 
FIG. 14. Illustration of two nanotube-based membrane 
architectures. 
FIG. 15. Illustration of the effects of tubular fillers on the 
permeability and selectivity of cellulose acetate, for filler 
selectivity of 50. The open symbols represent the conven-
tional composite membranes, and the solid symbols represent 
untra-thin membranes with tubular fillers spanning the thick-
ness. In these plots, the filler volume fraction is the indepen-
dent variable. For each curve, the five data points (from left to 
right) represent the filler volume fraction=O, 0.2, 0.4, 0.6, 0.8, 
respectively. (b) gel-1, (c) gel-2, (d) gel-3, and (e) gel-4. The vertical 
dashed line represent the locations where EDS line profiles 
were measured. 
FIG.16. Photo image ofa PP membrane masked bywater-
50 resistant tapes. 
FIG. 4. (a) Experimental SWNT XRD pattern (bottom), 
and simulated XRD patterns of isolated SWNTs and SWNT 
bundles with different bundling arrangements. The arrows 
indicate the shoulder peak distinctive to bundle formation. (b) 
XRD patterns for SWNT/PVA membranes prepared from 55 
SWNT powders. (c) XRD patterns for PVA/SWNT mem-
branes prepared from SWNT gels. The arrows in (a)-(c) point 
out the "shoulder" in the patterns. ( d) Schematic diagram of 
the XRD measurement with respect to angle cp. The short rods 
represent SWNTs dispersed in the composite membrane with 60 
different orientations. 
FIG. 5. The inter-tubular distance distribution, derived 
from SAXS data, ofSWNTs dispersed in PVA/SWNT com-
posite membranes prepared by SWNT gels. 
FIG. 6. SAXS data (black symbols) and model fits (black 65 
solid curves) for PVA/SWNT membranes prepared from 
SWNT gels. 
FIG. 17. SEM images of a -500 nm pure PVA membrane 
coated on a porous PP support with low (left) andhigh (right) 
magnification. 
FIG.18. SEMimagesofa-2 µmnanotube/PVAmembrane 
with 20 wt % nanotube coated on a porous PP support with 
low (left) and high (right) magnification. 
DESCRIPTION OF EMBODIMENTS OF THE 
INVENTION 
The present invention is exemplified with respect to a metal 
oxide or metal sulphide SWNT/polymer composite material 
having well-dispersed SWNT of high volume fraction, the 
membrane comprising the same, and the method of making 
the same. However, the following examples are exemplary 
only, and the invention can be broadly applied to metal oxide 
or metal sulphide SWNT/polymer composite materials. The 
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following detailed discussions are intended to be illustrative 
only, and not unduly limit the scope of the appended claims. 
Preparation of SWNT Gel 
8 
at room temperature and subsequently placed in an oil bath 
thermostated at 40° C. The polymerization was stopped by 
opening the flask and exposing the catalyst to air. Polymeric 
products were isolated by precipitation from methanol and 
5 finally dried under vacuum at 50° C. for 6 hours. The resulting 
product was then dispersed in organic solvents ( eg. chloro-
form) and form organic SWNT gel. 
Tetraethyl orthosilicate (TEOS) was mixed with alumi-
num-tri-sec-butoxide in a glove box filled with nitrogen. The 
mixture was added to an aqueous 75 mM perchloric acid 
solution with a molar ratio Si:Al:HC104 =1.1:2:1, under vig-
orous stirring at room temperature in ambient conditions for 10 
24 hrs. The solution was then diluted with DI water by a factor 
of3.8 and was stirred at 95° C. for 4 days. Once the tempera-
ture was brought to 95° C., the solution turned from cloudy to 
clear in about one hour. 
After the solution was cooled to room temperature, a 30 wt 15 
% animonia solution was added dropwise until gelation of the 
suspended nanotubes occurred. The gel was isolated by cen-
trifugation at 7000 rpm for 10 min. The supernatant was 
discarded and a few drops of 10 N hydrochloric acid were 
added to the gel, thereby re-dispersing the nanotubes. The 20 
resulting gel was purified by dialysis against DI water for 3 
days using a membrane with a molecular weight cutoff of 15 
kDa. 
Preparing Composites Using SWNT Powder 
As a comparative example, some composites were made 
using SWNT powder, as opposed to the inventive method 
which uses gel. 
The SWNT powder sample was weighed and mixed with 
30 mL of PVA aqueous solution at room temperature. The 
total mass of SWNT and PVA was 400 mg and the mass 
fractions of SWNT were controlled at 0.1, 0.2, 0.3, and 0.4 
respectively. The resulting PVA/SWNT mixture was gently 
stirred for 18 hours at room temperature. The mixture was 
then poured into a polystyrene petri dish and the membrane 
was cast at 60° C. for 24 hours. The resulting composite 
membrane was removed from the petri dish and placed in a Part of the purified suspension was used to prepare PVA/ 
SWNT-gel composite membranes (see below), and the 
remaining part was dried at 60° C. and then ground lightly to 
obtain a powder sample of the SWNTs for preparing PVA/ 
SWNT-powder membranes. Approximately one gram of 
SWNT powder sample was obtained by a one liter synthesis 
batch. 
25 crosslinking bath containing 50 mL of water, 50 mL of 
acetone, 0.5 g of98 wt% sulfuric acid, and 1.25 g of25 wt% 
glutaraldehyde for 30 minutes. 
The crosslinked membrane was washed with ethanol and 
30 thendried at 60° C. for 24 hours. The SWNT volume fractions 
Alternatively, SWNT gels can be prepared using aluminum 
chloride as the metal source. Here, aluminum chloride and 
germanium ethoxide, in a 1.8 mole ratio, are stirred for 1 hour 
of the resulting membranes were determined from the mass 
fractions and densities ofSWNTs andPVA. Membranes with 
SWNT volume fractions of 0.11, 0.21, 0.31, and 0.42 are 
referred to as pwd-1, pwd-2, pwd-3, pwd-4, respectively in 
the following discussion. These membranes have thicknesses 
in the range of 40-100 µm, as determined by a screw gauge as 
well as cross-sectional SEM images. 
Preparing Composites Using SWNT Gel 
at room temperature in DI water. NaOH (O.lN) is added at a 
rate of0.5 ml/min to bring the pH of the mixture to 5.0. The 35 
pH is then adjusted to 4.5 using HCl (O. lM) and CH3COOH 
(0.2M). The solution is then stirred for 3 hours at room tem-
perature before being heated at 98° C. for 2 days. After being 
cooled to room temperature, the mixture is flocculated by 
adjusting the pH to 8.0 using a 0.1 N ammonia solution. The 40 
solution is centrifuged at 5000 rmp for 20 min to collect the 
settled gel. The gel is acidified with a few drops of 35% HCl 
and dialyzed using cellulose packs against DI water for 2-3 
days. The DI water is replaced every 5 hours. 
SWNT gels (8 mL, 16 mL, 24 mL, and 32 mL) made by the 
first method described herein were mixed at room tempera-
ture with 20 mL of PVA aqueous solutions containing 360 
45 mg, 320 mg, 280 mg, and 240 mg of PVA respectively. The 
Preparation ofSWNT Organic Gel from SWNT 
Powder 
SWNT powder sample was dispersed in aqueous solution 
(2.6 mg/mL, 200 mL, pH=5) mixed with the aqueous solution 50 
of 8-(2-bromo-2-methylpropanoyloxy) octyl phosphate 
(BMPOP04 (NH4 ) 2 ) (1.6 g in 50 mL 0.1 M acetate buffer, 
pH=5.0) under magnetic stirring at room temperature for 48 
hours. The white product was collected by filtration and 
washed with THF:H20 (volume ratio of 1: 1) by several dis- 55 
persion-centrifugation cycles, followed by freeze-drying 
with benzene to give a white powder of modified SWNT. 
A process called activators regenerated by electron transfer 
for atom transfer radical polymerization (ARGET ATRP) was 
employed for surface initiated polymerization. In a typical 60 
recipe, CuBr2 (3.0 mg, 0.0134 mmol) and pentamethyldieth-
ylenetriamine (PMDETA) (23.2 mg, 0.134 mmol) were dis-
solved in anisole (10.0 mL). After the formation of Cu(II) 
complex, modified SWNT (50.0 mg), ascorbic acid (21.8 mg, 
0.124 mmol) and methyl methacrylate (MMA) (10.0 g, 100 65 
mmol) were added. The above mixture was sealed with a 
rubber septum and deoxygenated by argon bubbling for 5 min 
PVA/SWNT composite membranes were then cast and 
crosslinked by the same procedures mentioned in the previ-
ous section. The SWNT mass fractions in the resulting PVA/ 
SWNT membranes were determined by thermogravimetric 
analysis. The SWNT volume fractions were determined as 
mentioned above. Membranes with SWNT volume fractions 
of0.08, 0.20, 0.33, and0.38 are referred as gel-1, gel-2, gel-3, 
and gel-4 respectively in the following discussion. These 
membranes had thicknesses in the range of 40-100 µm, as 
determined by a screw gauge as well as cross-sectional SEM 
images. 
Preparing Different Composites Using SWNT Gel 
In order to show that the method has general applicability, 
similar experiments will be done, beginning with cellulose 
acetate, to confirm that the method would work with other 
polymers and/or SWNTs. No extensive characterizations are 
yet available, but we expect that preliminary work will con-
firm that the method has general applicability. 
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Measurement Methods 
Electron Microscopy and Energy Dispersive Spectroscopy 
(EDS): 
10 
molecules between the feed side and the permeate side. The 
thicknesses of the membranes were measured by a spring 
thickness gauge. In order to obtain li.p, the vapor pressures of 
water and ethanol on the feed side and on the permeate side 
were determined separately. The water or ethanol vapor pres-
sures on the feed side were taken as the product of its liquid 
phase mole fraction, its saturated vapor pressure, and its 
activity coefficient for the mixture. The liquid phase mole 
fraction was measured by GC. The saturated vapor pressures 
The morphology of the SWNT/PVA composite mem-
branes was imaged with a scanning electron microscope 
(SEM, Hitachi S-3700N). In order to observe the cross-sec-
tional morphology, the membranes were cryogenically frac-
tured in liquid nitrogen. Energy dispersive spectroscopy 
(EDS) analysis of the cross-sections was carried out with the 
same instrument. Transmission electron microscopy (TEM) 
was used to image the SWNTs dispersed in the polymeric 
matrix. A sample of the composite membrane was first 
embedded in epoxy and then microtomed into approximately 15 
100-nm slices, which were collected on 300-mesh copper 
grids coated with Formvar layers. TEM images were recorded 
10 
and the activity coefficient were estimated by the Antoine 
equation and the UNIFAC model, respectively. The water or 
ethanol vapor pressures on the permeate side were the product 
of the measured pressure on the permeate side and its mole 
fraction on the permeate side measured by GC. 
Molecular Adsorption and Diffusion Simulations: 
The construction and the structural optimization ofSWNT 
atomic models is described in our previous works. 6 - 8 Adsorp-
tion isotherms were calculated at 333 K for single-component 
water and ethanol using the Grand Canonical Monte Carlo 
(GCMC) method as implemented in the MUSIC simulation 
on a Hitachi HF2000 field emission TEM operated at 200 kV. 
XRD Measurements and Simulations: 
X-ray diffraction (XRD) scans in Bragg-Brentano geom-
etry were performed on a PAnalytical X'pert Pro MPD dif-
fractometer operating with a Cu Ka source. Diffraction data 
were collected with a collimator and Miniprop detector, in the 
range of 3-30° 28 and a step size of 0.05°. Grazing-angle 
XRD scans were performed on PAnalytical X'pert Pro MRD 
diffractometer operating with a Cu Ka source. The diffrac-
tion patterns were recorded with a collimator and Miniprop 
detector scanning from 0-90° cjJ and a step size of0.05°, at a 
fixed 28 values off 4.6° and 19.5° in order to probe the 
orientation ofSWNTs and PVA polymer chains respectively. 
XRD simulations were performed to investigate the extent of 
SWNT bundling. The Reflex module of the Materials Studio 
3.2 molecular simulation package (Accelrys, Inc.) was used, 
and the details of such simulations have been reported in our 
previous works. 9 
SAXS Measurements and Simulations: 
20 code, with the molecules only allowed to be inserted within 
the NT pore. The CLAYFF force field for NTs, the SPC model 
for water, and the TraPPE force field for ethanol were used as 
explained in references 6-8 and 10, which are incorporated by 
reference in their entirety, and will not be repeated here. The 
25 flexibility of hydroxyl groups has been described in the art, 
with all atoms in the NTs being fixed in position except for the 
surface hydroxyl groups. 
To examine the diffusion of water and ethanol in NTs, NVT 
molecular dynamics (MD) simulations at 333 K were per-
30 formed using a Nose-Hoover thermostat. Unlike our GCMC 
calculations, all atoms in the NTs were allowed to move in the 
MD calculations. After equilibrating the system for 0.4 ns, 
MD simulations were run for 2 ns with a time step of 1 fs. The 
corrected diffusivities (D0 ), which describe the diffusive 
motion of the center-of-mass of the molecules relative to the 
35 reference frame of the adsorbent, were calculated by averag-
ing data over 30 independent trajectories for water and etha-
nol loadings ranging from near-zero to near-saturation load-
ing. 
Small angle X-ray scattering (SAXS) on the prepared 
membranes were performed on the DND-CAT beamline at 
the Advanced Photon Source (Argonne National Laboratory). 
The beamline was tuned to operate at 1 7 ke V, resulting in an 40 
X-ray wavelength of0.73 A. The beam at the sample position 
was controlled to have dimensions of a few hundred microns. 
The SAXS patterns of SWNT/PVA composite membranes 
were simulated as described in the Results and Discussion 
section, and key structural parameters were obtained by fit-
ting the model predictions to the measured data. 
Transport diffusivities (D,), which describe the macro-
scopic diffusive transport under the influence of a concentra-
tion gradient, were then calculated from D0 and the thermo-
dynamic correction factor: D,=D03lnf/3lnC. Here, f is the 
fugacity of the bulk gas phase in equilibrium with the con-
centration C of the species in the adsorbed phase. The ther-
45 modynamic correction factor Cllnf/olnC was obtained from 
the computed adsorption isotherms by assuming fugacity and 
pressure to be equal in the pressure range considered in this 
study. The permeability (P) at a given pressure (p) is taken as 
P=D,(C)C/p, where C is the concentration of species in the 
adsorbed phase at the given pressure. The permeability infor-
Pervaporation: 
The composite membranes were used for pervaporation of 
an ethanol/water mixture. The feed solution was 80 wt % 
ethanol. The measurements were performed at 60° C., with a 
feed and permeate pressure of 101 kPa and 0.5 kPa respec-
tively. Two cold traps at 77 K were used to collect the perme-
ate. After 2 hours of permeation, the cold traps were weighed 
in order to obtain the total permeate mass flow rate. The total 
mass flux was determined by dividing the mass flow rate by 
the membrane area (18.8 cm2 ). The permeate composition 
was measured by a gas chromatograph (GC). The water and 
ethanol molar fluxes (J) thus obtained were converted into 
water and ethanol permeability by: 
J = P,ff !lp 
t 
(1) 
50 mation for the pressure range of the pervaporation experi-
ments (p=lOl kPa for the feed side and p=0.5 kPa for the 
permeate side) was thus obtained. 
Solid-State NMR: 
1H and 1H---;. 13C cross-polarization (CP) solid-state NMR 
55 measurements were performed on a Bruker DSX 400 spec-
trometer operating at resonance frequencies of399 .8 MHz for 
1H and 100.5 MHz for 13C. The membranes were cut into 
small pieces and packed tightly into a 4 mm rotor. The rotor 
was spun at frequency of 10 kHz during the measurements. 
60 A rc/2 pulse and 4 s repetition time were applied for both 1 H 
and 13C measurements. Chemical shifts of the 1 H and 13C 
spectra were referenced to adamantane. 
Uniformity of Composites 
where Peffis the effective permeability of the membrane for 65 
the transported molecules, tis the thickness of the membrane, 
and li.p is the vapor pressure difference of the transported 
Photographs of the aqueous PVA/SWNT solutions and 
PVA/SWNT membranes prepared by the two different start-
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ing materials (SWNT gels and SWNT powders) are summa-
rized in FIG. 2. The pure PVA solution, and the solution used 
for preparing the gel-4 membrane, both show high transpar-
ency in comparison to the PVA/SWNT solution used for 
preparing the pwd-4 membrane (FIG. 2a ). This suggests that 5 
the SWNTs in gel-4 solution disperse as nanostructures with 
dimensions smaller than the wavelength of visible light (390 
nm). On the other hand, suspended particles can be visually 
observed in thepwd-4 solution, which implies that the SWNT 
particles do not completely re-disperse into individual 10 
SWNTs in a pure aqueous solution with no pH adjustment. 
As seen from FIG. 2b, the membrane made from the gel-4 
solution shows transparency similar to pure PVA membranes, 
thereby indicating the absence of phase separation during 
membrane formation and good dispersion of the SWNTs in 15 
the solid phase. In contrast, the low transparency of the pwd-4 
membrane implies the aggregation of SWNT particles in the 
membrane. 
FIG. 3 shows cross-sectional SEM images and EDS line 
profiles of the silicon-to-carbon intensity ratio for membranes 20 
prepared from SWNT powder (pwd-4) and SWNT gel (gel-
4 ). Similar results are obtained for the remaining membranes 
in our sample set. The pwd-4 membrane (FIG. 3a) displays 
the existence oflarge SWNT agglomerations that have a high 
silicon-to-carbon intensity ratio in EDS. However, although 25 
the SWNT aggregates do not completely dissociate during 
membrane formation, the absence oflarge voids between the 
SWNTs and the PVA matrix suggests good adhesion proper-
ties between the two materials. This is likely due to the inter-
action of the hydroxyl groups of PVA with the bridging 30 
hydroxyl groups on the outer surface of the SWNTs. 
Membranes prepared with SWNT gels exhibit a homoge-
neous appearance in the cross-sectional SEM image and the 
EDS profile (FIG. 3b-e), thereby suggesting that the SWNTs 
are uniformly dispersed. Additionally, a monotonic increase 35 
of the silicon-to-carbon ratio is observed in the SWNT gel 
membranes upon increasing the SWNT volume fraction 
(FIG. 3b and Table 4). Themeanand standard deviation of the 
silicon-to-carbon ratio are summarized in Table 5 with a 
spatial resolution of0.1 µm. The membranes prepared using 40 
SWNT gels yield much more uniform SWNT dispersion than 
those prepared by SWNT powders. 
Bundling and Orientation 
45 
Solid-state X-ray diffraction and scattering are excellent 
probes of SWNT bundling, orientation, dimensions and dis-
persion in a solid medium. X-ray diffraction (XRD) with 
respect to the Bragg angle 28 can be used for assessing the 
bundling of SWNTs, grazing angle X-ray diffraction with 50 
respect to the azimuthal angle cjJ can be used to investigate the 
S WNT orientation, and small-angle X-ray scattering (SAXS) 
can quantitatively elucidate the dimensions and dispersion of 
SWNTs in the composite membranes. 
The diffraction patterns of nanotubes forming small 55 
bundles are not dominated by Bragg diffraction, but by X-ray 
scattering. In contrast to ordered porous materials such as 
one-dimensional zeolites, MCM-41, or SBA-15, the small 
bundles (e.g., bundles with fewer than 25 individual nano-
tubes) in nanotube materials do not provide sufficient long- 60 
range periodicity for Bragg diffraction. Hence, an explicit 
atomic-scale simulation of X-ray scattering from a finite-size 
bundle is a more reliable tool for predicting the XRD patterns. 
Such simulations have been previously carried out for the 
aluminosilicate SWNTs and have elucidated their bundling 65 
characteristics in powder form. (See reference 9) FIG. 4(a) 
s=arizes experimental XRD patterns from SWNT powder 
12 
samples and simulated patterns from different bundling 
arrangements. The simulated patterns indicate a shoulder at 
5-6° 28 as being the main difference between isolated 
SWNTs and bundled SWNTs. Considering the presence of 
this peak at 5-6° 28 in the XRD pattern of as-synthesized 
SWNT powder sample, it has been concluded that the 
SWNTs in the powder samples are not individually dispersed 
but instead form small 2x2 or triangular bundles. Simulated 
XRD patterns ofSWNTs with various bundling arrangements 
(3x3, 4x4, etc.) were also reported in our previous work. 
The XRD patterns of PVA/SWNT membranes prepared 
from powder samples (FIG. 4b) show clear shoulder peaks for 
pwd-2, pwd-3, and pwd-4, indicating that the SWNT powers 
do not fully redisperse into individual SWNTs in the com-
posite membranes. This observation is consistent with the 
SEM images, where SWNT agglomerated particles are 
observed in the PVA matrix. The shoulder peak in the pwd-1 
sample is more difficult to observe due to the low signal-to-
noise ratio of the nanotube scattering intensity at low volume 
fractions. The sharp peak at 19.5° 28 in all the membrane 
samples is due to the crystallinity of PVA polymer chains, and 
is also observed in pure PVA membranes (not shown). 
Composite membranes prepared using SWNT gel samples 
(gel-1, gel-2, and gel-3) show the absence of the shoulder 
peak at 5-6° 28 (FIG. 4c ), providing positive evidence that the 
SWNTs disperse in the PVA matrix as isolated SWNTs. The 
PVA chains may effectively penetrate the loosely coordinated 
network ofSWNT-water bonds existing in the gel, but are not 
likely able to penetrate the interstices between SWNTs in the 
powder. In other words, the methodology of preparing PV Al 
SWNT composites starting from SWNT gels overcomes the 
problem of obtaining individually dispersed SWNTs in a 
polymer matrix with high loadings (>20 vol % ). 
While 28 XRD reveals the bundling of SWNTs, "rocking-
curve" ( cjJ angle) XRD measurements elucidate the degree of 
out-of-plane orientation of the SWNTs as well as the PVA 
chains in the composite membranes. The schematic experi-
mental set-up is illustrated in FIG. 4d. The degree of orienta-
tion can be obtained by measuring the intensity of a specifi-
cally selected XRD peak (i.e., constant 28) with the sample 
tilted at various angles cp=O to 90°, and then calculating Her-
man's orientation parameter (fH):72_75 
where 
L'l /(¢)cos2¢sin¢d¢ 
(cos2¢)= _o_~rr---­
fo1 /(¢)sin¢&¢ 
(2) 
(3) 
and I( cjJ) is the measured intensity as a function of the azi-
muthal angle cp. fH=l represents perfect out-of-plane align-
ment whereas fH=-0.5 indicates perfect in-plane alignment. 
For a perfectly random distribution of orientations, fH=O. 
Typically, fH values higher than 0.8 imply a high degree of 
out-of-plane orientation along the z-axis. For each PVA/ 
SWNT composite membrane sample, cjJ angle scans were 
conducted at 28=4.6° and 19.5° for assessing the orientation 
of the SWNTs and the PVA chains respectively. The raw 
diffraction patterns are not presented herein, but the fH values 
are summarized in Table 1. In general, the values of fH for 
28=4.6° are close to zero, suggesting that the SWNTs are 
almost randomly oriented in the membranes prepared from 
SWNT gels as well as powders. The values offHfor28=19.5° 
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are appreciably higher than zero, and indicate a weak pre-
ferred out-of-plane orientation of the PVA chains. These ori-
entation distributions of the SWNTs and PVA chains are 
S(Q) = l -rr( 21i(Q·d)) 
Q·d 
14 
(7) 
likely due to the absence of a strong external aligning force, 
such as an applied magnetic field that has been used for 5 
aligning carbon nanotubes. where d is the intertubular distance, as obtained from the 
maximum of the intertubular distance distribution function 
(FIG. 5). The data forQ>0.06 A- 1 are fitted by Equations 5-7, 
whereas the region Q<0.06 A- 1 is fitted by the Guinier rela-
Small angle X-ray scattering (SAXS) can be used to assess 
the distribution of intertubular distances between SWNTs in 
the polymeric matrix. The transformation from the momen-
tum transfer (Q) domain into the spatial distance ( d) domain 
for SAXS data from well-dispersed cylindrical particles, has 
been derived by Glatter: 
1 o ti on (I( Q)-Q-2). The SAXS data and fits are presented in FIG. 
6, and the fitted parameters (SWNT length and outer diam-
eter) for different samples are summarized in Table 2. The 
SWNT dimensions from SAXS data fitting are in excellent 
agreement with the dimensions of individual SWNTs 
g(d)= -- l(Q)·Q·d·sin(Q·d)·exp(-D·Q2 )dQ 1 L= (4) 15 obtained in previous reports using a variety of techniques. 
(2Jr)2 0 
Separation by PVA/SWNT Composites 
Here, d is the inter-tubular distance, g( d) is the distribution 
function of the inter-tubular distance, Q is the X-ray momen- 20 
tum transfer, I(Q) is the scattering intensity, and exp(-DQ2 ) is 
added to remove the "termination effect" of the transforma-
tion. Generally, the parameter D is of the same order of 
magnitude as 1/Q2 , and its value is taken as 500 A2 for cal-
culation of all the distance distribution transformations 25 
Recent computational studies suggest that the aluminosili-
cate SWNTs allow a high water diffusivity (10-5 -10-4 cm2/s) 
that is one to two orders of magnitude higher than in other 
microporous materials such as zeolites, and also a high 
adsorptive water selectivity over alcohols (greater than 50 for 
a 1:9 water:methanol mixture). PVA also has high water 
selectivity over organics, and is the dominant polymeric 
material used in pervaporation membranes that dehydrate 
organic/water mixtures for applications such as bioethanol 
production. We hypothesize that PVA/SWNT composite 
reported in this paper. 
The intertubular distance distribution functions, g( d), for 
PV A/SWNT membranes prepared from SWNT gels are sum-
marized in FIG. 5. Generally, the most likely intertubular 
distance and the width of the distance distribution both 
decrease, as expected, when the SWNT volume fraction 
increases from 7.6% (gel-1) to 19% (gel-3). However, at 
higher volume fractions of37% (gel-4), the distribution width 
and the most likely intertubular distance increases, perhaps 
due to the onset of bundle formation in the gel-4 sample as 
suggested by the XRD data. The most likely intertubular 
distance as read from FIG. 5 is compared to the theoretical 
average intertubular distance between dispersed SWNTs at a 
given volume fraction in Table 2. The two quantities are in 
close agreement for samples gel-1, gel-2, and gel-3, suggest-
ing that the SWNTs in these membranes are uniformly dis-
tributed as individual nanotubes in the PVA matrix. On the 
other hand, the theoretical intertubular distance for the gel-4 
sample is much smaller than the distance deduced from 
SAXS data, suggesting that the intertubular distance distri-
bution for gel-4 is influenced by the formation of SWNT 
bundles instead of individually dispersed SWNTs. 
The SAXS data can be fitted to yield information on the 
dimensions ofSWNTs. The scattering intensity can be writ-
ten as: 
Il(Q)~A F(Q)·S(Q)+B (5) 
30 membranes could allow higher throughput in such applica-
tions (due to the high permeability of water in PVA) while 
maintaining a high selectivity over organic molecules. In this 
section, we investigate this hypothesis by a combination of 
experimental pervaporation measurements, transport model-
35 ing, and molecular simulations. 
The permeation properties of PVA/SWNT composite 
membranes prepared from SWNT powders and SWNT gels 
were measured by pervaporation at 60° C. with an 80 wt % 
ethanol feed solution. The results are summarized in FIG. 7 as 
40 a function of the SWNT volume fraction (<Pf). Membranes 
prepared from SWNT gels show a monotonic water perme-
ability with increased SWNT volume fraction. The water 
permeability of membranes prepared with SWNT powders 
show no significant improvement at lower volume fractions, 
45 but the permeabilities increase abruptly after <I>f=0.2. 
Similar trends are found for the ethanol permeability. The 
intrinsic membrane selectivity (Swater!ethanoz) is defined as the 
ratio of the water and ethanol permeabilities, and the values 
are shown in FIG. 7. Membranes prepared from SWNT gels 
50 show a monotonic decrease in selectivity from 58 (pure PVA) 
to 35 (<I>f=0.4). Membranes prepared from SWNT powders 
show no change in selectivity at low SWNT volume fractions, 
but the selectivity drops dramatically to below 5 at higher 
where Fis the form factor, Sis the structure factor, andA and 
Bare the instrumental constants. For cylindrical particles, the 55 
form factor is: 
volume fractions. These results indicate that the properties of 
membranes made from aggregated SWNT powders are likely 
affected by the occurrence of defects such as interfacial voids. 
L2[211(Q·r0 ·sin/3) sin(0.5·Q·L)·cosf3] 2 . F(Q) = smf3df3 0 Q·r0 ·sinf3 O.S·Q·L·cosf3 (6) 
where J 1 is the first-order Bessel function of the first kind, r0 
is the outer radius of the cylinder, L is the length of the 
cylinder, and~ is the angle between the scattering vector and 
the long axis of the cylinder. The structure factor for homo-
geneously dispersed cylindrical objects is: 
Therefore, the following discussion focuses only on the com-
posite membranes made from SWNT gels. 
To gain more insight into the above membrane properties, 
60 we computationally estimated the expected water/ethanol 
separation performance of the SWNT at our operating con-
ditions, and coupled this information with our recently devel-
oped model for estimating the permeability of composite 
membranes with tubular fillers. FIG. 8 shows the predicted 
65 permeabilities of water and ethanol, and swater!ethanob of the 
aluminosilicate SWNT in the pressure region relevant to the 
pervaporation measurements (0.1-45 kPa), as obtained from 
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molecular simulations of adsorption and diffusion (as 
described in the Methods sections). 
At higher total pressures (greater than 1 kPa), the SWNT 
shows excellent water permeability (four orders of magnitude 
higherthan that of PVA). At low total pressure (below 1 kPa), 5 
the SWNT has significantly diminished permeability, which 
is nevertheless two orders of magnitude higher than that of 
PVA. The ethanol permeability of the SWNT does not exhibit 
strong pressure dependence, and is approximately two orders 
of magnitude higher than that of PV A. As a consequence, the 10 
SWNT is estimated to have a high intrinsic Swater!ethanoz of 
55-75 at higher pressures, but a swater!ethanol of approximately 
unity at low pressures. 
Our molecular simulations provide clear mechanistic 
insight into this phenomenon. At low pressure, both water and 
ethanol transport are dominated by the strong surface inter- 15 
actions between these molecules and the hydroxyl groups 
lining the SWNT wall. Strong hydrogen bonding leads to 
relatively slow surface diffusion of both molecules. At higher 
pressures, water fills the SWNT pore to a much greater extent 
than ethanol, forming multilayers in the SWNT channel and 20 
exhibiting almost bulk-liquid-like diffusive behavior. The 
predicted high selectivity in this regime is mainly driven by 
strong preferential filling of water in the SWNTs and not by 
diffusivity differences. 
Using the above information on the permeability of the 25 
SWNT, we interpret the experimental pervaporation results 
with a macroscopic transport model. The "Kang-Jones-Nair 
(KJN)" model has been derived specifically for composite 
membranes with tubular fillers that possess perfectly aniso-
tropic ID transport properties. For a fixed tubular filler ori-
entation, the KJN model predicts the effective permeability 30 
(P eff) of the composite membrane as a function of the filler 
volume fraction (<Pf): 
P,ff (( case J P,ff ( 1 J J-1 - = 1- <Pf+- <Pf 
Pm cos()+~ ·sinB Pm cos()+~ ·sinB 
(8) 35 
16 
P;;water=5xl08 Barrer and Pm ethanoz=l.lxl07 Barrer. The 
aspect ratio is a=217 (as derived from the SAXS analysis, 
Table 2), and the fillers are taken to have a random orientation 
distribution (as known from XRD data above). 
Although the molecular simulations predict that the SWNT 
permeability varies by two orders of magnitude between low-
and high-pressure conditions (FIG. 8), it was found that the 
membrane permeation model results are insensitive to the 
SWNT permeability because the SWNT permeability is at 
least two orders of magnitude greater than the permeability of 
the matrix (PVA) at all pressures. It is well known that the 
effective permeability of a composite membrane becomes 
insensitive to the filler permeability when it exceeds the 
matrix permeability by more than a factor of -100. The KJN 
model predictions of the water permeability are in good 
agreement with the experimental results except at <I>f=0.4, 
whereas the HC model considerably overestimates the mem-
brane permeability. 
Both the KJN and HC models predict a higher water-over-
ethanol selectivity than the experimental observations. Due to 
the high water selectivity of both PVA (experimentally 
known) and the SWNT (predicted by molecular simulation), 
the effective membrane selectivity in both models becomes 
insensitive to the SWNT volume fraction. A pronounced 
deviation of both permeability and selectivity from the KJN 
model prediction is observed at higher <I>f=0.4 for the mem-
branes prepared from SWNT gels. On the other hand, the 
membranes pwd-1 and pwd-2 prepared from SWNT powders 
maintain the water permeability and water/ ethanol selectivity 
at the expected level (similar to the pure PVA membrane). 
These observations can be explained by several potential 
mechanisms, of which two appear to be most likely. Firstly, it 
is possible that the lower experimental value of the selectivity 
reflects an inaccuracy in the predictions of water selectivity in 
the SWNT. The permeability of ethanol during binary perme-
ation along with water through the SWNT could be substan-
tially different from the single component permeability. 
A second possibility is the occurrence of changes in the 
microstructure and transport properties of the PVA matrix in 
the presence of large quantities of SWNT fillers and a large 
interfacial area between the PVA matrix and the outer sur-
faces of the SWNTs. For example, the molecular-scale struc-
ture of the PVA chains and the swelling behavior of PVA in 
where Pm and P are the permeabilities of the matrix and the 
filler respectivefy, 8 is the filler orientation with respect to the 
membrane transport direction, and a is the aspect ratio of the 
tubular filler (length divided by outer diameter). This relation 
extends to a composite membrane with a random distribution 
of filler orientations: 
40 the presence of water could be significantly altered by the 
presence of well-dispersed SWNT fillers. In the membranes 
made from SWNT gels, the average intertubular distance is in 
the range of3.5-6 nm, so that there is nanoscale confinement 
of PVA in the spaces between the dispersed SWNTs. Further-
(9) 
where pm ejf,8 is the permeability when the filler is aligned at 
an orientation 8 (Equation 8). The KJN model somewhat 
underestimates the effective permeability and can be consid-
ered as a close lower bound, whereas the Hamilton-Crosser 
(HC) model for isotropic cylindrical fillers can be utilized as 
an upper bound for predicting the effective permeability of 
the composite membranes: 
45 more, the nanotube-PVA interfacial area in these composites 
is relatively large (3.2xl010-l.5xl011 m2/m3 membrane vol-
ume). As a consequence, the water permeability and selectiv-
ity of the PVA matrix in the nanocomposite membranes could 
deviate substantially from those of the pure PVA membranes, 
due to altered molecular transport properties in the nano-
50 confined PVA chains and near the PV A/SWNT interfaces. 
The PVA/SWNT membranes prepared from SWNT pow-
der samples display poor dispersion of the SWNTs in PVA 
and a much lower nanotube-PVA interfacial area than the 
PVA/SWNT membranes prepared from SWNT gel samples, 
55 and hence the polymeric matrix remains as a continuous 
phase with properties essentially identical to the pure PVA 
membrane. The pwd-1 and pwd-2 membranes therefore have 
fairly similar water/ethanol transport properties as the pure 
PVA membrane, since the microstructure of PVA does not 
pf+ SPm -S(Pm - pf )<Pf 
Pf+ SPm + S(Pm - Pf )<Pf 
(lO) 60 change significantly and the incorporated SWNTs become 
"inactive fillers" due to their severe agglomeration. A detailed 
molecular-level study of the microstructure and dynamics of 
the nano-confined PVA matrix is presented below. 
The model predictions are compared to experiment in FIG. 
9. The experimentally measured water and ethanol perme-
abilities of PVA are used for the matrix (Pm water=3.4xl04 65 
Barrer, Pm ethanoz==5.8xl02 Barrer). The average water and 
ethanol permeability of the SWNTs (from FIG. 7) are 
Crystallinity and Dynamics of PVA 
The crystallinity of the PVA matrix with different SWNT 
loadings is determined from the XRD patterns shown in FIG. 
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10. The peak at 19.5° 28 is assigned to the (10 I) reflection. 
This peak can be deconvoluted into two parts: a sharp crys-
talline domain and a broader amorphous component. The 
crystallinity of the PVA matrix is taken as the ratio of the 
diffraction intensity of the crystalline domain to the total 5 
18 
(11) 
intensity. For composite membranes prepared using the where M(t) is the intensity for a specific carbon in the 13C 
SWNT gels, the crystallinity monotonically decreases as the spectra at a given contact time and Mo is the maximum peak 
SWNT loading increases (from 46% for the pure PVA mem- intensity among the performed experimental series. The 
brane to 27% for the composite incorporated with 38 vol% of derived T 
1 
P(1 H) and T cH are summarized in Table 3. 
SWNTs ). The cause of the decrease in crystallinity is perhaps 10 For semi-crystalline materials (such as the prepared PVA/ 
that the well-dispersed SWNTs interfere with the formation SWNT membranes), the amorphous phase acts as a relaxation 
of hydrogen bonds between PVA polymer chains, impeding sink. The constant Ti P(1 H) for semi-crystalline materials rep-
the formation of crystalline domains in the PVA matrix. resents the spin-diffusion time for the nuclear magnetization 
While XRD investigates the crystallinity of the PVA from the crystalline phase to the amorphous phase. The crys-
matrix, solid-state NMR is an excellent tool for studying the ( ) 15 talline domain size, x , can be correlated to polymer chain dynamics. Specifically, a higher relative inten-
sity between the central band and the spinning side band in 1 H 
NMR implies a higher proton concentration and mobility. 
Given approximately the same amounts of sample packed 
into the NMR rotor, the PVA/SWNT composite samples 20 
would possess a lower proton concentration from PVA than 
the pure PVA membrane. However, a much stronger central-
band-to-spinning-side-band ratio is observed for the gel-4 
sample in comparison to the pure PVA membrane (FIG. lla). 
This observation suggests that the protons from the PVA 
25 
polymer chains in the gel-4 sample have significantly higher 
mobility than in the pure PVA sample. Faster proton dynam-
ics implies a higher PVA chain mobility in the matrix phase of 
the gel-4 sample. Furthermore, the spectral resolution for the 
gel-4 sample is much higher than the pure PVA sample at very 30 
similar experimental conditions (FIG. llb). Peak assign-
ments for the area of 0-5 ppm are based upon a structure of the 
partially crosslinked PVA by glutaraldehyde. Peaks between 
5-10 ppm in the spectrum for the gel-4 sample are contributed 
by protons from SWNTs. The proton denoted by "e" at 9-10 35 
ppm in the partially crosslinked PVA structure, is not 
observed in the PVA/SWNT composite membrane, likely due 
to its low intensity in comparison to signals from the SWNTs 
in that region. Since the spectral resolution of 1 H NMR can be 
enhanced by the proton mobility, the higher resolution seen in 40 
the gel-4 sample also supports its higher proton/PVA chain 
mobility in comparison to the pure PVA membrane. The 
observed higher PVA chain mobility for the PVA/SWNT 
composite membranes is in agreement with its lower crystal-
linity (determined by XRD), since amorphous polymer 45 
chains are expected to have faster dynamics than ordered 
crystalline polymers. 
Additionally, as shown in FIG. 13, 1 H---;. 13C cross-polar-
ization (CP) measurements with a series of CP contact times 
50 (t) were used to obtain microstructural and dynamical infor-
1 
T1p(1 H) as (x) - (D, XT1p(1 H))2• 
where Ds is the spin-diffusion coefficient. The lowerT 1 P(1H) 
values of CH2 and CH 0 H for the gel-4 sample in comparison 
to the pure PVA membrane, suggest that the SWNT-contain-
ing PVA matrix has a smaller crystalline domain size than 
pure PVA. On the other hand, the constant of T cH represents 
the characteristic time for polarization transfer from the pro-
tons to the carbon nuclei. The value ofT cH is thus determined 
by both dynamical and structural effects: the mobility of the 
carbon adjacent to protons, and the proton concentration 
around the carbon. Specifically, a short T cH implies low car-
bon mobility or fewer protons in its immediate environment. 
However, similar T cH values are observed for the pure PVA 
and the gel-4 sample. Since our investigation suggests a 
higher polymer chain mobility for the gel-4 sample, the 
observation of similar T cH values is attributed to the fact that 
the carbons in the PVA/SWNT composite membranes have a 
larger number of adjacent protons, due to the presence of 
SWNTs with a dense coverage of hydroxyl groups on their 
outer surfaces. 
We have demonstrated the fabrication and detailed charac-
terization of nanocomposite membranes containing a high 
loading (up to 38 vol %) of aluminosilicate single-walled 
nanotubes (SWNTs) well dispersed in a PVA matrix. PVA/ 
SWNT membranes prepared using SWNT gels were charac-
terized by XRD (including rocking curve measurements), 
EDS, and SAXS measurements and analysis. These mem-
branes show high uniformity, excellent dispersion of indi-
vidual SWNTs (up to -30 vol%), and the onset of bundle 
formation (3-4 SWNTs per bundle) at a SWNT loading of 
-40 vol%. XRD rocking curve analysis indicates the SWNTs 
are randomly oriented in the membrane. Analysis of SAXS 
data reveals the SWNT dimensions and the intertubular dis-
tance distribution. 
The transport properties of the PVA/SWNT membranes 
relevant to applications in the dehydration of ethanol/water 
mixtures, were investigated by pervaporation measurements, 
molecular simulation, and transport modeling. The mem-
branes substantially enhance the water throughput with 
increasing SWNT volume fraction (up to 200% higher water 
permeability than pure PVA membranes at a SWNT loading 
of -40 vol%), but led to a moderate reduction of the water/ 
ethanol selectivity from 58 (pure PVA) to 35 (SWNT loading 
-40 vol%). Detailed XRD and solid-state NMR studies sug-
gest that the reduction of water/ethanol selectivity is likely 
due to the microstructural change of the PVA matrix with 
incorporation ofSWNTs. Specifically, the crystallinity of the 
PVA matrix goes down (from 46% to 27% with 38 vol% of 
mation on the PVA matrix. 13C CP-NMR spectra were 
recorded for the pure PVA and the gel-4 sample with various 
contact times. In the obtained spectra, there are two distinct 
peaks contributed by two different carbon atoms in PVA ( CH2 55 
and CHOH). The peak at 45 ppm comes from CH2 and the 
three adjacent peaks spanning from 60-80 ppm are contrib-
uted by CHOH with three different tacticities (from down-
field to upfield: mm, mr, and rr). The intensity of the NMR 
signals for these two carbons is estimated respectively from 60 
the obtained spectra as a function of r. The peak intensity from 
the raw 13C CP spectra, normalized by the maximum inten-
sity among the series of measurements, is summarized in 
FIG. 12. Two time constants, T 1P(1 H) and T cH' can be derived 65 SWNT incorporated) and the mobility of PVA chains 
increases with the presence of SWNTs in the matrix. This 
study shows that it is possible to fabricate SWNT/polymer 
by fitting the normalized peak intensity with the following 
equation:99•100 
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nanocomposite membranes with a high quality microstruc-
ture by inexpensive solution processing techniques, and gain 
insight into their permeation properties by a combination of 
experimental measurements and predictions by computa-
tional and theoretical methods. 
TABLE 1 
20 
Extension to Thin Nanotube Membrane 
FIG. 14 illustrates "thick" and "thin" nanotube-based 
membrane architectures. The key difference between these 
two architectures is the relative characteristic length between 
Orientation parameter Cfaj for PVA/SWNT composite membranes. 
Membranes prepared Membranes prepared 
from SWNT 12owders from SWNT gels 
pwd-1 pwd-2 pwd-3 pwd-4 gel-1 gel-2 gel-3 gel-4 
SWNTvol % 11 21 31 42 8 20 33 38 
fH at 28 ~ 4.6° 0.07 0.04 0.01 0.08 0.08 0.09 0.08 0.08 
fHat 28 ~ 19.5° 0.17 0.22 0.31 0.28 0.23 
*For samples pwd-2, pwd-3, and pwd-4, the XRD scan intensity at 28 = 19.5° is too low to provide a 
statistically meaningful analysis of the PVA chain orientation. 
TABLE2 
Intertubular distance, outer radius, and lengtb of SWNTs in PVA/SWNT 
composite membranes prepared from SWNT gels. 
SWNTvol% 
20 33 38 
d from tbeoretical calculation (nm) 6.9 4.3 3.4 3.2 
d from SAXS analysis (nm) 5.6 4.7 4.0 5.0 
r 0 from SAXS analysis (nm) 1.15 1.15 1.12 1.20 
L from SAXS analysis (nm) 380 550 580 500 
TABLE3 
Parameters derived from the contact time measurements by the pure 
PVA and tbe gel-4 sam12le. 
T 10 (1H) (ms) Tc,,(ms) 
CHOH CH2 CHOH CH2 
pure PVA membrane 4.98 4.48 0.25 0.14 
gel-4 2.25 1.96 0.20 0.13 
TABLE4 
The average and Standard Deviation of Silicon-to-Carbon 
Ratio for a Line Profile in PVA/SWNT Com12osite Membranes 
20 the thickness of the matrix layer and the tubular fillers. A 
nanotube-based composite membrane is considered "thick" 
when the matrix thickness is much larger than the average 
length of the incorporated tubular fillers. On the other hand, a 
nanotube membrane is considered "thin" when the matrix 
25 
thickness is of the same order or smaller than the average 
length of the incorporated tubular fillers. Since such mem-
branes are too thin to be self-supported, they also require a 
non-selective porous support layer with negligible perme-
ation resistance to provide additional structural stability. 
30 
The thin membranes would allow the incorporated tubular 
fillers to directly connect the feed and permeate side. Hence 
the mass transport properties of the tubular fillers become the 
defining factor in governing the membrane performance. 
FIG. 15 compares the predicted molecular separation perfor-
mance between two nanotube-based membrane architectures 
35 using recently developed models. The thin membrane shows 
substantially higher permeability, since transport is no longer 
limited by the matrix polymer. The good selectivity of the 
tubular fillers can be pronounced only in the thin membrane. 
40 
We now describe the experimental procedures for prepar-
ing the thin nanotube-based membranes using aluminosili-
cate nanotubes as tubular fillers, poly( vinyl alcohol) (PVA) as 
the matrix material, and porous poly(propylene) (PP) as the 
support layer. 
Membranes prepared Membranes prepared 
by SWNT 12owders by SWNT gel 
Si/C intensity ratio pwd-1 pwd-2 pwd-3 pwd-4 gel-1 
Average 1.7 0.4 6.36 5.9 0.16 
Standard Deviation 3.3 0.97 6.69 6.1 0.05 
TABLES 
Mass fraction of SWNTs derived from gel-phased material in the 
PVA/SWNT composite membrane 
gel-2 
0.27 
0.05 
gel-1 gel-2 gel-3 gel-1 
SWNT mass fraction in the membrane 0.076 0.19 0.32 0.37 
gel-3 
0.39 
0.09 
55 
gel-4 
0.46 
0.08 
1. Dissolve PVA in 30 mL DI water. The amount of PVA 
depends on the desired membrane thickness. 
2. Mix the prepared PVA aqueous solution with the alumi-
nosilicate nanotube synthesis gel. The synthesis of the alumi-
60 nosilicate nanotubes is described in our previous work. The 
nanotube concentration in the synthesis gel is approximately 
5 g/L. 
3. Mask the perimeter of the PP porous membranes with 
water-resistant aluminum tapes on a 3.4 inch petri dish (FIG. 
16). The mask prevents the nanotube membrane from coated 
65 on both sides of the PP support. 
4. Pour the resulting nanotube/PVA solution into the petri 
dish containing a porous PP support. 
US 9,174,842 B2 
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5. Place the petri dish withnanotube/PVA solution in a 50° 
C. oven for 24 hours to form the nanotube/PVA membrane on 
the top of the PP support. 
6. Use a razor to cut along the perimeter of the PP mem-
brane for detaching the resulting bi-layer membrane com- 5 
posed of a thin nanotube/PVA membrane coated on a PP 
support. 
22 
2. The method of claim 1, wherein the SWNT/polymer 
composite has about 38 vol% of the metal oxide SWNT in the 
polymer composite material. 
3. The method of claim 1, wherein the polymer is selected 
from the group consisting of crystalline polymers, semicrys-
talline polymers, glassy polymers, rubbery polymers, poly 
(vinyl alcohol), cellulose acetate, polyimides, polysulfones, 
FIG.17 shows SEMimages ofa thin pure PVAmembrane 
(-500 nm) coated on a porous PP support. The PVA layer 
shows a dense structure with a uniform membrane thickness 
and good adhesion to the PP support. 
FIG.18 shows SEM images of an ultra-thinnanotube/PVA 
membrane (-2 µm and 20 wt% nanotube) coated on a porous 
polyalkylsiloxanes, poly( methyl methacrylate ), poly(3-oc-
ty lthiophene ), poly-p-pheny lene( viny lene ), polyacry loni-
trile, polybutadiene, polystyrene, polypropylene, polypyr-
lO role, poly(p-phenylene benzobisoxazole ), epoxy, and 
combinations thereof. 
PP support. The PVA layer shows a dense structure with a 
uniform membrane thickness and good adhesion to the PP 
support. The membrane thickness can be further reduced by 15 
decreasing the amount of PVA and nanotube gel when pre-
paring 
The following references are incorporated by reference in 
their entirety. 
1. Mukherjee, S.; Bartlow, V.A.; Nair, S. Chem. Mater. 2005, 20 17, 4900-4909. 
2. Farmer, V. C.; Fraser, A. R.; Tait, J. M.J. Chem. Soc. Chem. 
Commun. 1977, 462-463. 
3. Wada, S. I.; Eto,A.; Wada, K.J. Soil Sci. 1979, 30, 347-352. 
4. Yang, H. X.; Wang, C.; Su, Z. H. Chem. Mater. 2008, 20, 
4484-4488. 
5. Yucelen, G. I.; Choudhury, R. P.; Vyalikh, A.; Scheler, U.; 
Beckham, H. W.; Nair, S. J. Am. Chem. Soc. 2011, 133, 
5397-5412. 
6. Zang, J.; Chempath, S.; Konduri, S.; Nair, S.; Sholl, D. S. 
J. Phys. Chem. Lett. 2010, 1, 1235-1240 
7. Zang, J.; Konduri, S.; Nair, S.; Sholl, D. S.ACSNano 2009, 
3, 1548-1556. 
8. Konduri, S.; Tong, H. M.; Chempath, S.; Nair, S. J. Phys. 
Chem. C2008, 112, 15367-15374. 
25 
30 
9. Kang, D.-Y.; Zang, J.; Wright, E. R.; Mccanna, A. L.; 
Jones, C. W.; Nair, S. ACS Nano 2010, 4, 4897-4907. 35 
10. Kang, D.-Y.; Jones, C. W.; Nair, S. J. Membr. Sci. 2011, 
381, 50-63. 
11. Konduri, S.; Mukherjee, S.; Nair, S. ACS Nano 2007, 1, 
393-402. 
12. Bae, B. H.; Song, Y.; Kim, M. H.; Lee, Y.-B.; Kang, I. M. 40 
Inorganic Chem. Comm. 2009, 12, 1045-1048. 
13. Ma, W.; Otsuka, H.; Takahara, A. Chem. Commun. 2011, 
47, 5813-5815. 
What is claimed is: 45 
1. A method of making a well dispersed metal oxide or 
metal sulphide single-walled nanotube (SWNT)/polymer 
composite material, comprising: 
a) preparing a gel-phase metal oxide or metal sulphide 
SWNT, comprising: 
a-1) mixing a stoichiometric amount of a metal source, 50 
oxide source, and a silicon source; 
a-2) adding an aqueous acid to mixture of step a-1), 
followed by stirring; 
a-3) diluting mixture of step a-2) with deionized water 
by factorof3 .5 to 4 and stirring the diluted mixture at 55 
an elevated temperature; 
a-4) adding a base to cooled mixture until gelation of 
suspended nanotubes occurs; and 
a-5) isolating the gel and re-dispersing the suspended 
nanotubes by adding a small amount of concentrated 
60 
acid to the gel; 
b) mixing the gel-phase metal oxide or metal sulphide 
SWNT with a polymer; and 
c) obtaining a SWNT/polymer composite with at least 30 
vol% of the metal oxide or metal sulphide SWNT in the 
polymer composite material, wherein the SWNT exist as 65 
a single nanotube or a small bundle of about <3 to 4 
nanotubes. 
4. The method of claim 3, wherein the polymer is poly 
(vinyl alcohol). 
5. The method of claim 1, wherein the SWNT is an alumi-
nosilicate SWNT. 
6. The method of claim 1, wherein the SWNT/polymer 
composite material is about s0.5 micron thick and is further 
supported with a second porous polymer layer. 
7. The method of claim 5, whereina-1) the metal source is 
an aluminum source; a-5) the concentrated acid is a concen-
trated hydrochloric acid. 
8. The method in claim 7, wherein: a-1) the aluminum, 
oxide and silicone source are aluminum-tri-sec-butoxide and 
tetraethyl orthosilicate; a-2) the aqueous acid is perchloric 
acid; a-4) the base is 30 wt% ammonia solution. 
9. The method of claim 5, wherein step a) comprises: 
a-1) mixing a stoichiometric amount of tetraethyl ortho-
silicate with aluminum-tri-sec-butoxide; 
a-2) adding an aqueous perchloric acid solution to the 
mixture of step a-1) with a molar ratio Si:Al:HC104 of 
about 1.1:2: 1, followed by stirring; 
a-3) diluting the mixture of step 2) with deionized water by 
a factor of 3 .5 to 4 and stirring the diluted mixture at an 
elevated temperature; 
a-4) adding a30wt% anmionia solution to cooled mixture 
until gelation of suspended nanotubes occurs; and 
a-5) isolating the gel and re-dispersing the suspended 
nanotubes by adding a small amount of concentrated 
hydrochloric acid to the gel. 
10. The method of claim 7, wherein step a) further com-
prises: 
a-6) purifying the gel. 
11. The method of claim 7, wherein the elevated tempera-
ture in step a-3) is at least 80° C. 
12. The method of claim 1, wherein the step b) further 
comprises: 
b-1) crossliuking the SWNT and the polymer. 
13. The method of claim 1, wherein the SWNT/polymer 
composite has about 30 to about 38 vol% of the metal oxide 
SWNT in the polymer composite. 
14. The method of claim 13, wherein the SWNT is an 
aluminosilicate SWNT. 
15. The method of claim 13, wherein the polymer is poly 
(vinyl alcohol). 
16. The method of claim 1, wherein the SWNT/polymer 
composite has about 38 vol% of the metal oxide SWNT in the 
polymer composite. 
17. The method of claim 1, wherein the metal oxide SWNT 
is aluminosilicate SWNT. 
18. A method of making a well dispersed aluminosilicate 
single-walled nanotube (SWNT)/poly(vinyl alcohol) (PVA) 
composite material, comprising: 
a) preparing a gel-phase aluminosilicate SWNT, compris-
ing 
a-1) mixing a stoichiometric amount of a metal source, 
oxide source, and a silicon source; 
a-2) adding an aqueous acid to mixture of step a-1), 
followed by stirring; 
a-3) diluting mixture of step a-2) with deionized water 
by factor of3.5 to 4 and stirring the diluted mixture at 
an elevated temperature; 
US 9,174,842 B2 
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a-4) adding a base to cooled mixture until gelation of 
suspended nanotubes occurs; 
a-5) isolating the gel and re-dispersing the suspended 
nanotubes by adding a small amount of concentrated 
acid to the gel; and 
a-6) purifying the gel; 
b) mixing the gel-phase aluminosilicate SWNT with an 
aqueous solution of PVA, comprising: 
b-1) crosslinking the SWNT and the polymer; and 
c) obtaining an aluminosilicate SWNT/PVA composite; 
wherein the aluminosilicate SWNT/PVA composite has 10 
at least 30 vol % of the aluminosilicate SWNT in the 
PVA composite material, wherein the SWNT exist as a 
single nanotube or as a small bundle of about s3 to 4 
nanotubes. 
19. The method of claim 18, further comprising d) support- 15 
ing the SWNT/PVA composite with a second porous polymer 
layer. 
20. The method of claim 18, wherein the SWNT directly 
connects both sides of the SWNT/PVA composite. 
21. The method of claim 18, wherein the SWNT/PVA 20 
composite has about 30 to about 38 vol% of the metal oxide 
SWNT in the PVA composite and wherein the SWNT directly 
connects both sides of the SWNT/PVA composite. 
* * * * * 
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